REPORTS
Aromaticity is predominantly associated with carbon-rich compounds but can also occur in all-inorganic ones. We report the synthesis of the diphosphatriazolate anion, a rare example of a planar aromatic inorganic species. Treatment of azide (N 3 − ) in tetrahydrofuran solution with P 2 A 2 (A = C 14 H 10 ), a source of P 2 , produced P 2 N 3 − , which we isolated as its + salt in 22% yield and characterized by single-crystal x-ray diffraction. Salts [Na-kryptofix-221] [P 2 N 3 ] and [Na-kryptofix-221] [P 2 15 NN 2 ] were analyzed by infrared and Raman spectroscopy, 15 N and 31 P nuclear magnetic resonance spectroscopy, and mass spectrometry. The formation of the P 2 N 3 − anion was investigated using density functional theory, and its aromatic character was confirmed by NICS (nucleus-independent chemical shift) and QTAIM (quantum theory of atoms in molecules) methods.
I n a chemical context, the term aromaticity refers to the special stability and electronic delocalization exhibited by planar hydrocarbons having 4n + 2 p electrons, the most famous example of which is benzene (C 6 H 6 , six p electrons, n = 1) (1, 2). The prevalence of aromatic hydrocarbons, many of which are naturally occurring in fossil fuel deposits, makes aromaticity largely the province of organic chemistry. Put forward as "inorganic benzene," borazine (B 3 N 3 H 6 ) is a colorless liquid and possesses high stability but is not deemed aromatic by the criterion of electronic delocalization (3) (4) (5) . Aromaticity does not only occur in the case of sixmembered planar rings; another instance is the pentagonal cyclopentadienide ion (C 5 H 5 − , six p electrons). Theory suggests that an all-nitrogen pentagonal ion N 5 − , isoelectronic to cyclopentadienide, would be aromatic; however, pentazolate has so far been observed only as a gas-phase ion by tandem mass spectrometry experiments.
There, the pentazolate anion was generated from parahydroxyphenylpentazole by cleavage of the organic residue from the N 5 − unit using a high collision voltage (6). SN 2 P 2 , a sulfur-pnictogen ring with six p electrons, was recently identified in the gas phase by infrared (IR) spectroscopy as a product of the flash pyrolysis of SP(N 3 ) 3 (7) . By contrast, the all-phosphorus aromatic fivemembered anionic ring P 5 − was identified as a persistent species in solution (8) ; it could even be used in ensuing synthetic studies giving rise to metallocene analogs in which a P 5 − ring replaces a cyclopentadienide ligand, as exemplified by the ferrocene-analogous complex Cp*Fe(P 5 ) (Cp* = C 5 Me 5 ; Me = methyl) (9) . The Cp*Fe(P 5 ) complex has proven to be a valuable building block in supramolecular chemistry, assembling into nanometer-scale balls upon interaction with copper(I) halides (10) . Recently, we prepared a versatile, anthracenebased source of P 2 , P 2 A 2 (A = anthracene or C 14 H 10 ), shown to release anthracene and diphosphorus upon mild heating (11) . In the context of accessing all-pnictogen heterocycles, we wondered whether the diphosphatriazolate anion P 2 N 3 − (Fig. 1) (16) . Of remarkable simplicity, the P 2 N 3 − anion reveals itself as an essentially planar ring approximating C 2v point group symmetry, with metrical parameters that compare well to those predicted using density functional theory (DFT). The P-P and P-N interatomic distances [2.068 T 0.001 Å and 1.679 (avg.) Å, respectively] fall in between typical single-and double-bond values (17, 18) ; this multiple bonding character is also reflected by the delocalization indices calculated for the P-P and P-N bonds (1.48 and 1.19, respectively) (19) (20) (21) . The delocalized bonding present in the P 2 N 3 − anion is best visualized by plotting the Laplacian of the calculated electronic charge density in the plane of the ring ( ) that are deemed aromatic (23, 24) , we calculated its nucleus-independent chemical shift along the z axis (NICS zz ) (24) . Similar to the aforementioned rings, the NICS zz profile for the P 2 N 3 − anion was found to be class 1, with the highest absolute value for NICS at~0.6 Å above the ring critical point, diagnostic for a p aromatic system (Fig. 4) anions (+334 and +467 ppm, respectively) are characteristic for these aromatic, all-pnictogen anionic rings. The C 2v symmetry of P 2 N 3 − observed in polar solvents such as THF and acetonitrile, where the anion appears to tumble freely, is broken in nonpolar solvents such as benzene, where the phosphorus atoms become inequivalent and two peaks in a 1:1 ratio are detected by 31 P NMR spectroscopy. This desymmetrization is also observed in the solid-state structure, where N3 and N3b are preferentially oriented toward C23 of the cryptand (N3-C23 distance = 3.329 T 0.002 Å); this may be the effect of a weak donoracceptor interaction (C23-H···N3) (28) . Consistent with this hypothesis is the natural bond orbital (NBO) analysis of the diphosphatriazolate anion, which reveals N1 and N3 as the most basic sites of the P 2 N 3 − ring, each bearing a partial −0.64 charge (Fig. 3) .
To access more information about the properties and formation of the P 2 (8) , and the stretching frequency of the P-P bond in diphosphene ArP=PAr (Ar = 2,4,6-tri-tert-butylphenyl) was observed at 610 cm −1 (29) , which suggests that the P-P bond in P 2 N 3 − is stronger than in its all-phosphorus analog but fig. S6 and table S1 ). The large P1-P2 coupling constant between the almost equivalent phosphorus atoms effects a stronger coupling of the P1 atom to the 15 N nucleus in position 3 than otherwise (31) . The presence of the outer wings in the 31 P NMR spectrum, centered at T460 Hz from the center of the apparent doublet (J virtual = 52 Hz), is characteristic for the ABX spin system (31) . Similar to the P 2 transfer from P 2 A 2 to 1,3-cyclohexadiene (11), we found the two routes to have comparable energetic profiles ( fig. S13 ), likely both contributing to the formation of the P 2 N 3
− anion.
This work shows that it is possible to synthesize, using an original P 2 transfer reaction, a planar aromatic heterocycle composed exclusively of nitrogen and phosphorus. Until now, to render isolable a molecular entity having substantial P=P double-bond character, the approach has been to use an architecture with bulky adjacent substituents to block the site, thereby preventing access to the reactive moiety and attendant degradation (18) . Here, the small title anion P 2 N 3 − is entirely free of blocking groups and the observed stability must be attributed to electronic stabilization. Considering the data in aggregate, this stabilization is best construed as aromaticity-an effect traditionally reserved for the domain of organic chemistry. Functional shape memory alloys need to operate reversibly and repeatedly. Quantitative measures of reversibility include the relative volume change of the participating phases and compatibility matrices for twinning. But no similar argument is known for repeatability. This is especially crucial for many future applications, such as artificial heart valves or elastocaloric cooling, in which more than 10 million transformation cycles will be required. We report on the discovery of an ultralow-fatigue shape memory alloy film system based on TiNiCu that allows at least 10 million transformation cycles. We found that these films contain Ti 2 Cu precipitates embedded in the base alloy that serve as sentinels to ensure complete and reproducible transformation in the course of each memory cycle.
S
hape memory alloys (SMAs) are attractive because of their distinct properties. The shape memory effect (1) is the basis in many modern solid-state actuators (2) . Medical implants such as self-expanding stents (3) or orthodontic arch wires (4) take advantage of the superelasticity (1). This property also finds application in the emerging field of elastocaloric solid-state refrigerators (5) . The basic principle of both features is the reversible martensite-austenite transformation, which is temperature-driven in the case of the shape memory effect and stress-driven in the case of the superelasticity. The corresponding large work output of SMAs is a consequence of a first-order structural phase transformation featuring a large eigenstrain and substantial enthalphy of transformation (6, 7) . In apparent contradiction to its first-order characteristic, the property-controlling phase transformation of SMAs is reversible because the transforming phases are elastically compatible, meaning that the structural distortions arising from the transformation do not exceed the limits of reversibility (8) . Nevertheless, a limiting factor for any high-cycle application of either property is fatigue, both the integrity of the material (structural fatigue) as well as the change of their functional properties and their reversibility (functional fatigue). A general understanding of how often the transformation can be executed in polycrystals-its fatigue characteristics-is lacking, even though it currently constitutes the major obstacle to the implementation of the new technologies (9) .
The most prominent SMAs are based on titanium-nickel, for which an equiatomic composition of the shape memory effect was uncovered in 1963 (10) . The specific combination of their large effect sizes, tunability of the transformation temperatures by partial substitution of Ni or Ti with other elements (such as Cu, Pd, Pt, Co, Fe, and Hf), good mechanical properties, and excellent biocompatibility in case of binary TiNi (11) results in these alloys being the first choice for most solid-state shape memory and superelasticity applications. Despite the almost ubiquitous use of binary TiNi for superelastic implants (12) , these alloys show a dramatic fatigue upon full cycling of the stress-induced martensitic transformation. Even for the first cycles, a change in the transformation temperature (13), a decrease of the superelastic plateau strain, and an accumulation of residual martensite are observed (14) . Different fatigue investigations have revealed the fatigue endurance limit (maximum strain amplitude for run-out at 10 million cycles) for bulk superelastic TiNi to be between 0.4 and 0.6%, which is almost independent from the mean strain (3, 13) . For example, the superelastic fatigue life in TiNi and TiNiCu wires by using a lessdemanding rotary bending fatigue tester only reached 1 million cycles if the maximum stress at the outer surface was smaller than 0.8% (15) . This behavior implies that only partial transformations can be used for any high-cycle applications, 
